In many metazoan species, an unusual type of protein glycosylation, called C-mannosylation, occurs on adhesive thrombospondin type 1 repeats (TSRs) and type I cytokine receptors. This modification has been shown to be catalyzed by the Caenorhabditis elegans DPY-19 protein and orthologues of the encoding gene were found in the genome of apicomplexan parasites. Lately, the micronemal adhesin thrombospondin-related anonymous protein (TRAP) was shown to be C-hexosylated in Plasmodium falciparum sporozoites. Here, we demonstrate that also the micronemal protein MIC2 secreted by Toxoplasma gondii tachyzoites is C-hexosylated. When expressed in a mammalian cell line deficient in C-mannosylation, P. falciparum and T. gondii Dpy19 homologs were able to modify TSR domains of the micronemal adhesins TRAP/MIC2 family involved in parasite motility and invasion. In vitro, the apicomplexan enzymes can transfer mannose to a WXXWXXC peptide but, in contrast to C. elegans or mammalian C-mannosyltransferases, are inactive on a short WXXW peptide. Since TSR domains are commonly found in apicomplexan surface proteins, C-mannosylation may be a common modification in this phylum.
Introduction
The phylum apicomplexa includes many parasites of medical and veterinary importance such as Plasmodium falciparum and Toxoplasma gondii, the causing agents of malaria and toxoplasmosis, respectively. One of the particularities of apicomplexan parasites is that they display gliding motility that enables the parasite to move along, pass through, or invade host cells (Sibley 2010; Meissner et al. 2013; Sharma and Chitnis 2013; Heintzelman 2015) . Gliding motility involves an actinomyosin system located under the parasite plasma membrane that acts either as force generator or transmitter (Kumpula and Kursula 2015; Whitelaw et al. 2017) . Transmembrane proteins of the thrombospondin-related anonymous protein (TRAP) family link the parasite actinomyosin system through their short cytoplasmic domain and bind receptors of the host cell via their large extracellular domain. They are expressed on the apical tip of the parasite upon contact with a host cell and are rapidly translocated to the posterior end of the parasite during penetration before being shed by proteases. These stage and species-specific proteins play thus an important role in motility and invasion (Morahan et al. 2009 ).
P. falciparum TRAP (PfTRAP), TRAP-related protein (TREP) and TRAP like protein (TLP) have been involved in sporozoite motility and invasion of mosquito salivary glands (Sultan et al. 1997; Wengelnik et al. 1999; Combe et al. 2009; Steinbuechel and Matuschewski 2009 ). PfTRAP additionally binds hepatocytes for invasion (Sultan et al. 1997; Wengelnik et al. 1999) . The circumsporozoite-and TRAP-related protein (CTRP) is essential for motility of the ookinete stage (Dessens et al. 1999) . Finally, P. falciparum thrombospondin-related apical merozoite protein (PfTRAMP) mediates erythrocyte invasion whereas merozoite TRAP (MTRAP) is required for gamete egress from erythrocytes and thus transmission to mosquito (Siddiqui et al. 2013; Bargieri et al. 2016 ). In T. gondii, the micronemal protein 2 (TgMIC2) plays a major role in gliding motility of tachyzoites and invasion of host cells (Huynh et al. 2003; Brossier et al. 2005; Harper et al. 2006; Huynh and Carruthers 2006; Gras et al. 2017) . One or several thrombospondin type 1 repeats (TSRs) are present in the extracellular part of TRAP family members. TSRs are small adhesive domains containing approximately 60 amino acid residues and mediate a broad range of biological interactions (Tucker 2004) . They exhibit a conserved three-stranded elongated structure stabilized by cysteine bridges and stacked tryptophan and arginine residues, known as tryptophan ladder. Several members of the TRAP family including PfTRAP and TgMIC2 contain additionally one or more von Willebrand factor type A (vWFA) domains. Both the TSR and the vWFA domain have been implicated in interaction of PfTRAP with hepatocyte receptors (Matuschewski et al. 2002; Akhouri et al. 2004) . Heparan sulfate has been identified as one of the ligands of PfTRAP and the tryptophan ladder of the TSR described as part of the binding site (Muller et al. 1993; Tossavainen et al. 2006) . The TSR has also been proposed to transmit the tensile force from the actinomyosin system to the vWFA domain (Song et al. 2012) .
Besides its role in host cell attachment, the TSR domain of T. gondii micronemal proteins has been involved in the formation of multimeric complexes. TgMIC2 interacts via its sixth TSR with the MIC2-associated protein (TgM2AP) to form a heterohexameric complex (Song and Springer 2014; Huynh et al. 2015) . This organization likely provides rigidity to the molecule and strengthens the link between the actinomyosin system and the host cell surface. Moreover, due to the presence of six TSRs, TgMIC2 likely forms an extended structure that protrudes from the parasite membrane and is thus ideally positioned to interact with host receptors.
In animals, TSRs are often modified by two distinct types of glycosylation, α-O-fucosylation and α-C-mannosylation (Hofsteenge et al. 2001) . α-O-fucosylation is mediated by the protein-O-fucosyltransferase 2 (POFUT2) that transfers a fucose (Fuc) residue to the hydroxyl group of a serine or threonine in the motif CX 2-3 S/TCX 2 G (where X is any amino acid) (Luo et al. 2006) . It may then be elongated with a β1,3-linked glucose (Glc) added by the glucosyltransferase B3GLCT (Kozma et al. 2006 ). Protein-O-fucosylation has been shown to stabilize and promote trafficking of some TSR proteins in metazoans and P. falciparum (Vasudevan et al. 2015; Lopaticki et al. 2017) . In most TSRs, the O-fucosylation site is preceded by a WXXWXXC sequence, which may carry α-linked mannose (Man) residues on the tryptophans. In this atypical glycosylation type, the α-Man is linked to the tryptophan via a carbon-carbon bond involving the anomeric carbon of the mannose residue and the indole carbon 2 atom of the tryptophan (Hofsteenge et al. 1994) . α-C-mannosylation takes place in the endoplasmic reticulum and is mediated by the C-mannosyltransferase DPY-19 in the nematode Caenorhabditis elegans (Buettner et al. 2013) . Three homologous proteins named DPY19L1, DPY19L3 and DPY19L4 are ubiquitously expressed in mammalian cells whereas the fourth homolog, DPY19L2, is spermspecific. Recently, the C-mannosyltransferase activity of DPY19L1 and DPY19L3 was demonstrated but DPY19L4 seems to be inactive, at least on TSRs Shcherbakova et al. 2017 ). Interestingly, a dpy19 candidate gene was also found in protists of the taxa choanoflagellata and alveolata including apicomplexa (Buettner et al. 2013) . Furthermore, genome searches and the determination of the glycosylation precursor repertoire of Plasmodium revealed the presence of yet undescribed glycosylation pathways, including C-mannosylation (Cova et al. 2015) . Finally, PfTRAP was recently shown to be C-mannosylated in salivary gland sporozoites (Swearingen et al. 2016 ). Here we demonstrate the C-mannosyltransferase activity of P. falciparum and T. gondii Dpy19 proteins and their ability to modify members of the TRAP family and prove the existence of this modification in tachyzoites.
Results
The DPY19 protein family DPY-19 was first described in a C. elegans mutant with a dumpy phenotype and a defect in Q neuroblast migration (Honigberg and Kenyon 2000) but DPY-19 family members are found in many metazoa. An increasing number of homologs has evolved over time with up to four genes in mammals (DPY19L1-4) (Carson et al. 2006) . C. elegans DPY-19 protein was used as query to perform database searches (http://blast.ncbi.nlm.nih.gov; http://eupathdb.org/ eupathdb). Besides metazoa, a dpy-19 orthologous gene is found in the opisthokonts Salpingoeca rosetta and Sphaeroforma arctica and in alveolates. Among alveolates, dpy19 is commonly found in apicomplexa but is also present in the genome of the photosynthetic chromerids Vitrella brassicaformis and Chromera velia as well as the dinoflagellate Symbiodinium microadriaticum. We compared DPY19 protein sequences of alveolate protists and metazoans by multiple sequence alignment (Supplementary information) and generation of a distance tree (Figure 1 ). DPY19 sequences of diverse metazoa cluster into two main groups, while the protist Dpy19 sequences build a separate cluster.
TRAP is C-hexosylated by P. falciparum Dpy19
The gliding adhesin TRAP comprises a single TSR with the sequence WDEWSPCSVTCGKG, which includes consensus sequence for C-mannosylation (WXXWXXC) and O-fucosylation (CXXS/ TCXXG). Recently, Swearingen and colleagues demonstrated that this protein is C-hexosylated and O-fucosylated in salivary glands sporozoites (Swearingen et al. 2016 ). To assess whether P. falciparum Dpy19 homolog is an active C-mannosyltransferase modifying TRAP, we used a CHO cell line lacking any detectable C-mannosyltransferase activity due to knockout of DPY19L1, DPY19L3 and DPY19L4, which is designated here DPY19L1/L3/L4
- (Shcherbakova et al. 2017 ).
This cell line was used for expression of a soluble fragment of TRAP enclosing the TSR (Figure 2A ). The latter was cloned in a vector containing an N-terminal Igκ chain leader sequence and a C-terminal Myc-His6 tag to enable its purification from the cell culture medium by nickel affinity chromatography ( Figure S1 ). Tryptic peptides obtained from the purified protein were then analyzed by liquid chromatography-mass spectrometry (LC-MS). The TRAP tryptic peptide LSCGVWDEWSPCSVTCGK that includes the C-mannosylation and O-fucosylation sites was either unglycosylated, substituted with 1 deoxyhexose (dHex) or with 1 dHex and 1 hexose (Hex), as shown by the presence of [M+2 H] 2+ ions at m/z 1064.4, 1137.5, and 1218.5, respectively ( Figure 2B , lower panel). The dHex and Hex observed here can be attributed to a fucose (Fuc) O-linked to the threonine residue by the mammalian POFUT2 and its elongation with a β1,3-linked glucose. Such modification of TRAP TSR by the mammalian glycosyltransferases has previously been shown in HEK293 cells (Song et al. 2012) . Assignment of the dominant ion at m/z 1218.5 to a peptide carrying a Glc-Fuc disaccharide rather than 1 O-Fuc and 1 C-mannose, can be inferred from the retention time of the peptide on the C18-column coupled online to the mass spectrometer ( Figure 2B , lower panel) and fragmentation (MS/MS) ( Figure 3A ). Indeed, substitution of the tryptic peptide LSCGVWDEWSPCSVTCGK with 1 dHex and 1 Hex only slightly influenced its retention time (31.1 min compared to 31.8 min) whereas modification of a peptide with a C-mannose typically leads to a significant decrease in elution time (~2 min with the used system) (Buettner et al. 2013; Niwa et al. 2016; Shcherbakova et al. 2017) . Moreover, in contrast to O-glycans, C-glycans are maintained upon collision-induced dissociation.
Here the b6 and y10 ions observed upon fragmentation of the glycopeptide at m/z 1218.5 clearly indicate absence of C-linked hexose on the two tryptophan residues. These data confirm the absence of C-mannosylation of TRAP in the DPY19L1/L3/L4 − strain. Figure 2B ). Presence of a single C-linked mannose was confirmed by tandem mass spectrometry ( Figure 3B ). The singly charged y11 and y12 product ions display a 120-Da loss due to a characteristic cross-ring cleavage of the C-hexose (Furmanek and Hofsteenge 2000; Gonzalez et al. 2002) and enabled positioning the monosaccharide on the second tryptophan residue in the WDEWSPC motif of the TSR. Furthermore, the m/z value measured for the b6 fragment pointed to absence of C-mannose on the first tryptophan. Modification of the peptide with two C-hexoses was not observed ( Figure 2B ). Together these results indicate that PfDpy19 is an active C-hexosyltransferase able to modify TRAP. 
CSP is not modified by P. falciparum Dpy19
Using the same strategy, we investigated the ability of PfDpy19 to modify the circumsporozoite protein (CSP Figure S2 ). In the latter case, absence of C-mannose on the tryptophan was shown by collisioninduced dissociation ( Figure S2 ). Molecular ions suggesting C-mannosylation of the peptide (in the presence or absence of O-fucosylation) were not observed. These results are in agreement with the described absence of C-hexosylation on CSP in salivary gland sporozoites (Swearingen et al. 2016) .
MIC2 is C-hexosylated by T. gondii Dpy19
T. gondii MIC2 presents a vWFA domain, five TSRs and a sixth degenerate TSR. The putative C-mannosylation and O-fucosylation sites found in these TSRs are displayed in Figure 4A . To analyze the C-mannosylation activity of Toxoplasma Dpy19 homolog, a soluble MIC2 fragment containing either the vWFA and the six TSRs or only the six TSRs was expressed in the DPY19L1/L3/L4 − cell line in absence or presence of TgDpy19. The amount of MIC2 purified from DPY19L1/L3/L4 − cells was low but co-expression of TgDpy19 improved the yield ( Figure S1 ). Purified MIC2 was digested with either trypsin and AspN or trypsin and GluC followed by peptide LC-MS analysis. Analysis of the protein produced in absence of T. gondii Dpy19 allowed detection of MIC2 peptides but, unfortunately, none of the peptides containing a potential C-mannosylation site was detected. In contrast, several C-mannosylated peptides were observed if MIC2 was purified from DPY19L1/L3/L4
− cells transfected with a plasmid encoding T. gondii Dpy19. Extracted ion chromatograms (EICs) show that several glycoforms can be observed for the peptides DWSAWSPCSVSCG ( Figure indicative of the presence of 1 dHex and 2 Hex suggested that some of the peptides carried a single C-hexose. The absence of glucose linked to the O-fucose is unlikely since the loss of 1 Hex was accompanied by a marked shift in peptide elution time, which is thought to reflect unmasking of the underlying hydrophobic tryptophan ( Figure  4B , upper and middle panel). Ions corresponding to non-modified peptides or other glycoforms were not observed. Assignment of the most abundant ions was furthermore supported by tandem mass spectrometry ( Figure 5 and Figure S3 ). Besides confirming the peptide identity, tandem mass spectra of the precursor ions at m/z 984.9 and 1298.0 demonstrated the presence of a single C-hexose and allowed positioning it on the first tryptophan of the WSAWSPC or WAEWGEC motifs ( Figure 5B and Figure S3B ). In TSR5, this can be inferred from the b8, b9 and b10 product ions that harbored a single C-hexose or a residual C-hexose after ring cleavage (that characteristically results in a 120 Da loss) ( Figure 5B ). Likewise, the b5 and b6 product ions obtained from fragmentation of the doubly charged precursor ion at m/z 984.9 arising from TSR1 pointed to the presence of a single C-hexose. Its position could be deduced from the y9 product ion that demonstrated absence of substituent on the second tryptophan ( Figure S3B ). C-mannosylation of TSR6 was also observed. The peptide YEPCSYPACGASCTYVWSDW-NK was found to be unglycosy- 955.0 ( Figure 4B , lower panel). As reported above, tandem mass spectrometry enabled confirming the peptide identity, the presence of a C-hexose and defining its position on the first tryptophan in the motif WSDWNKC ( Figure S3D Figure 4B, lower panel) . The low abundance of this ion precluded determination of structural details by tandem mass spectrometry. Unfortunately, other WXXWXXC-containing peptides were either not observed or gave signals with very low intensity, which prevented their definite identification by tandem mass spectrometry. Nevertheless, when taken together, these results demonstrate the ability of Toxoplasma Dpy19 to C-hexosylate MIC2.
P. falciparum and T. gondii Dpy19 are Cmannosyltransferases
To demonstrate that the hexose residue transferred by apicomplexan Dpy19 is indeed a mannose residue, we performed in vitro assays using radiolabeled GDP-Mannose. As shown in Figure 6 , a microsomal fraction containing P. falciparum or T. gondii Dpy19 was able to transfer mannose to the peptide WAEWGEC as efficiently as microsomes obtained from wild type CHO cells, known to contain active DPY19L1 and DPY19L3 (Shcherbakova et al. 2017 ). In contrast, the apicomplexa enzymes did not act on the short peptide WAKW, whereas the mammalian enzyme(s) showed a comparable C-mannosyltransferase activity with WAKW and WAEWGEC peptides. C-mannosylation of WAEWGEC by P. falciparum and T. gondii Dpy19 was not observed in presence of amphomycin ( Figure  S4 ) indicating that these enzymes use dolichol-phosphomannose as donor substrate, like mammalian C-mannosyltransferases (Doucey et al. 1998 ). These results demonstrates that P. falciparum and T. gondii Dpy19 are active C-mannosyltransferases and highlights differences in the acceptor substrate specificity of mammalian and apicomplexan C-mannosyltransferases.
MIC2 secreted by Toxoplasma tachyzoites is C-mannosylated
Using a cellular assay, we have shown that T. gondii Dpy19 can C-mannosylate both tryptophan residues in the WXXWXXC motif of TSR1 and TSR5 of MIC2. However, overexpression of the C-mannosyltransferases might alter their acceptor specificity (Shcherbakova et al. 2017 ). To investigate if T. gondii Dpy19 can indeed modify both tryptophans in a WXXWXXC motif, we analyzed peptides obtained from proteins secreted by T. gondii tachyzoites by mass spectrometry. Tachyzoites secretion was induced with 1% ethanol as previously described (Zhou et al. 2004 ). The secreted proteins were reduced, alkylated, then digested with trypsin in solution, and the resulting peptides were analyzed by nanoLC-MS/MS using a Q Exactive quadrupole orbitrap MS, with higher energy collisional dissociation (HCD) as the dissociation method, as described in the material and methods. Peptides containing the WXXWXXC motif were observed for the TSR5 of MIC2. Additionally, we detected peptides corresponding to SPATR, although none containing the tryptophan-rich motif; no peptides were detected for the other T. gondii . TSR1 and TSR5 peptides were obtained by digestion with trypsin and AspN, whereas TSR6 peptide arose from a trypsin and GluC digestion. The retention time is indicated above or next to the peak. Peak assignment indicated by a schematic is based on mass, retention time and tandem mass spectrum (see Figure 5 and Figure S3 ). Spectra are normalized to the most abundant peak in each panel. ) (Figure 7 ). In particular, the singly charged b4 and y13 -H 2 O product ions defined the positions of the C-mannose substituents at the first and second Trp residues of the WXXWXXC motif. This assignment was confirmed by the detection of 2 Hex in the y16 2+ product ion (Figure 7) . Additionally, the presence of the y7 + dHex ion suggested that Thr is the residue carrying 
Discussion
C-mannosylation is a poorly known posttranslational modification of proteins occurring on the first tryptophan in a WXXW or a WXXC motif (Doucey et al. 1998; Julenius 2007) . It is catalyzed by C-mannosyltransferases of the DPY19 family located in the endoplasmic reticulum (Buettner et al. 2013; Niwa et al. 2016; Shcherbakova et al. 2017) . Interestingly, genomes of apicomplexa including the hematozoan, coccidian, and cryptosporidium lineages present dpy19 homologous genes. Here, we demonstrate that P. falciparum and T. gondii Dpy19 proteins are indeed active C-mannosyltransferases acting on adhesins of the TRAP/MIC2 family. Moreover, we demonstrate that MIC2 from T. gondii tachyzoites is C-hexosylated. In TRAP family members, the tryptophan residues present in the WXXWXXC sequence of the TSR are commonly followed by a serine, alanine, glycine or threonine residue (Morahan et al. 2009 ). The presence of such small neutral or polar residues directly after the tryptophan has been proposed to favor C-mannosylation in mammalian proteins (Julenius 2007) . Also the apicomplexan C-mannosyltransferases might have a preference for these amino acids, since tryptophans followed by a serine, alanine or glycine were modified, whereas those followed by an asparagine or aspartate residue were not. Interestingly, PfDpy19 acted on the WSPC motif of TRAP but not on the same motif present in CSP. These results are in perfect agreement with a recent proteomic study that reported A B C-mannosylation of the second tryptophan in the sequence WDEWSPC of TRAP and absence of C-mannose on CSP in P. falciparum sporozoites (Swearingen et al. 2016) . In vitro, microsomes obtained from CHO cells or from Drosophila Schneider two cells expressing C. elegans DPY-19 were able to C-mannosylate the synthetic peptide WAKW (Buettner et al. 2013) . In contrast, the apicomplexan C-mannosyltransferases hardly acted on the short WAKW peptide, but efficiently C-mannosylated the larger WAEWGEC peptide, suggesting that the WXXWXXC motif, typically found in TSRs, is required for acceptor recognition. Such requirement would explain absence of C-mannosylation on CSP (that contains a STEWSPC sequence). Recently, we have shown that the mammalian C-mannosyltransferase DPY19L1 transfers C-mannose to the two first tryptophans in the WXXWXXWXXC sequence of the mouse netrin receptor whereas DPY19L3 acts on the last tryptophan (Shcherbakova et al. 2017) . C. elegans DPY-19 resembles DPY19L1 and only C-glycosylates the two first tryptophans of WXXWXXWXXC in the proteins UNC5 and MIG21 (Buettner et al. 2013 ). In contrast, T. gondii Dpy19 can modify both tryptophans in WXXWXXC motifs of MIC2 and thus seems to have the combined activity of DPY19L1 and L3. A specialization of C-mannosyltransferases seems to have accompanied the expansion and evolution of the DPY19 family in vertebrates.
Proteomic and transcriptomic data indicate that the C-mannosyltransferases of P. falciparum and T. gondii are expressed in many parasite stages. T. gondii Dpy19 was detected in sporulated oocysts, tachyzoites and bradyzoites and P. falciparum Dpy19 was identified in sporozoites, schizonts and gametocytes (Lasonder et al. 2008 (Lasonder et al. , 2016 Lescault et al. 2010; Treeck et al. 2011; Lindner et al. 2013; Possenti et al. 2013) . Therefore, C-mannosylation may play a role in many life cycle stages. Besides TRAP proteins, which play important roles in parasite migration and invasion processes (Morahan et al. 2009 ), apicomplexa parasites express several proteins harboring WXXWXXC motif, including Toxoplasma micronemal proteins MIC12, 14, 15, and 16 and uncharacterized proteins. Until now, there has been no robust method for the analysis of C-mannosylated proteins. To date, only about 30 proteins have actually been shown to be C-mannosylated, although solely in human more than 2500 proteins have been predicted to carry at least one C-mannose (Julenius 2007) . The majority of C-mannosylated tryptophans have been found in a TSR or in the proximal fibronectin type III domain of cytokine type I receptor (Doucey et al. 1999; Hofsteenge et al. 1999 Hofsteenge et al. , 2001 Hartmann and Hofsteenge 2000; Gonzalez et al. 2002; Furmanek et al. 2003; Li et al. 2009; Wang et al. 2009; Hamming et al. 2012; Buettner et al. 2013; Sorvillo et al. 2014; Sasazawa et al. 2015; Fujiwara et al. 2016; Niwa et al. 2016; Pronker et al. 2016; Swearingen et al. 2016) . The latter are not found in apicomplexa.
Absence or decrease of C-mannosylation has been shown to affect protein secretion, which suggests a role for this glycosylation in proper folding, stability and/or export of proteins (Munte et al. 2008; Wang et al. 2009; Buettner et al. 2013; Siupka et al. 2015; Niwa et al. 2016; Shcherbakova et al. 2017) . However, the dependence of proteins on C-mannosylation seems variable (Buettner et al. 2013; Shcherbakova et al. 2017 ). Here, PfTRAP was readily obtained from a C-mannosylation deficient CHO cell line, while the presence of a C-mannosyltransferase was necessary to purify appreciable amounts of TgMIC2. This suggests that C-mannosylation stabilizes TgMIC2. In TSRs and cytokine type I receptors, Cmannosylated tryptophans are an integral part of the tryptophan ladder (Lovelace et al. 2011; Aleshin et al. 2012; Hamming et al. 2012; Hadders et al. 2012; Song and Springer 2014) . Olsen and Kragelund proposed that this structural motif represents a binding site for glycans and principally for sulfated glycosaminoglycans of the extracellular matrix, as shown for example in TRAP (Tossavainen et al. 2006; Olsen and Kragelund 2014) . Since the C-mannose has been shown to influence the orientation of the tryptophan ring (Munte et al. 2008 ), C-mannosylation may play an indirect role in ligand binding (Li et al. 2009; Sasazawa et al. 2015; Siupka et al. 2015; Fujiwara et al. 2016; Niwa et al. 2016; Pronker et al. 2016) .
In line with a role for C-mannosylation in protein stabilization or export, deficiency of DPY-19 activity in the worm C. elegans resulted in a temperature-dependent lethal phenotype (Honigberg and Kenyon 2000; Buettner et al. 2013) . A recent genome wide CRISPR-Cas screen indicates that the C-mannosyltransferase encoding gene confers fitness to T. gondii during infection of human fibroblasts (Sidik et al. 2016) . The extent and importance of C-mannosylation in apicomplexa remain to be defined.
Materials and methods

Comparison of DPY19 protein sequences
Protein sequences were aligned using PRALINE multiple sequence alignment (Bawono and Heringa 2014) . The alignment was used to generate a distance tree in Jalview using the unweighted pair group method (Waterhouse et al. 2009 ). 
Plasmid constructs
T. gondii dpy19 was amplified from cDNA obtained from T. gondii RH strain. The nucleotide sequence was identical to the coding sequence of TGME49_280,400. P. falciparum dpy19 (PF3D7_0,806,200) codonoptimized for D. melanogaster and E. coli (see supplemental information) was obtained from GenScript (Piscataway, NJ). Both were cloned into pcDNA3.1 (Invitrogen) using the KpnI/XbaI sites or HindIII/XbaI restriction sites. Similarly, the region encoding amino acid residues 27-660 or 269-660 of TgMIC2 was amplified from cDNA and cloned into pSecTagB (Invitrogen) via HindIII and XbaI sites. Synthetic constructs encoding residues 243-330 of TRAP (PF3D7_1,335,900) or 310-376 of CSP (PF3D7_0,304,600) were obtained from GenScript and cloned into pSecTagB using the HindIII/XbaI restriction sites. All constructs were confirmed by sequence analysis. The corresponding amino acid sequences are presented as supplementary information.
Protein expression in CHO cells
The DPY19L1/L3/L4
-CHO cell line is described in (Shcherbakova et al. 2017) . Cells were maintained in DMEM/HAM'S F-12 containing 5% FCS (Biochrom). CHO cells (3 × 10 6 cells) were seeded in 18 mL in a T175 cell culture flask. After 24 h, 10 μg pcDNA3.1-dpy19, or an empty pcDNA3.1 vector and 10 μg pSecTagB-TRAP, pSecTagB-CSP or pSecTagB-MIC2, and 1 mL Opti-MEM (Invitrogen) were mixed. 20 μL (5 μg/μL) of polyethylenimine (PEI-max 40,000, Polyscience) diluted in 1 mL Opti-MEM were added. The mixture was incubated for 15 min at room temperature and dropped onto the cells. After 6 h, the medium was replaced by 30 mL fresh medium. Culture supernatant and cells were harvested 3 days after transfection. Tagged protein fragments were purified from CHO culture supernatants by nickel affinity chromatography as described below. Cells were washed with PBS, detached by incubating with trypsin-EDTA for 3-5 min, centrifuged at 300 × g for 5 min and washed 3 times with PBS. The pellet was lysed in Laemmli buffer with 5% 2-mercaptoethanol at 95°C for 10 min, separated on a 15% or 12.5% SDS-polyacrylamide gel and analyzed by Western blotting with mouse anti-myc 9E10 antibody and IRDye 800 conjugated goat anti-mouse antibody (LI-COR).
Protein purification
Culture supernatants were successively centrifuged at 300 × g and 4500 × g for 5 min to remove cell debris and filtered through a 0.2 μm membrane. Twenty mL buffer A (20 mM Tris pH 8, 500 mM NaCl) with 20 mM imidazole were added and the sample passed through a 1 mL-HisTrap HP column (GE Healthcare) at 1 mL/min. The column was washed with buffer A containing 20 mM imidazole and a linear gradient from 20 to 350 mM imidazole in buffer A was applied over 7 mL. Eluted proteins were detected at 280 nm, precipitated with 80% acetone and dissolved in Laemmli buffer. One 10th of the sample was used for Western blotting and the rest separated by SDS-PAGE and stained with Coomassie blue for MS analysis.
Analysis of purified proteins by mass spectrometry
Protein bands of interest were manually excised from Coomassie gel, cut into small pieces, destained in 25% methanol and dehydrated in LiChrosolv liquid chromatography-grade acetonitrile (ACN, Merck, NJ). Proteins were reduced with 10 mM DTT, treated with 100 mM iodoacetamide in 100 mM NH 4 HCO 3 for 30 min each and digested either with trypsin (Promega), trypsin and Asp-N (Promega), or with trypsin and Glu-C (Promega). Either 0.1 μg trypsin in 50 mM NH 4 HCO 3 or 0.1 μg Asp-N in 10 mM Tris pH8.0 were used per protein band and tubes were incubated overnight at 37°C. For Glu-C digestion, 0.2 μg in 50 mM NH 4 HCO 3 were used per protein band and incubated for 5 h at 37°C. Extraction of peptides from gel was performed in three consecutive extraction steps using 50% ACN containing 5% formic acid (FA, Sigma-Aldrich), then 75% ACN containing 0.5% FA, and finally pure ACN. Extracts were dried and dissolved in 15-30 μL of 2% ACN containing 0.1% trifluoroacetic acid (TFA, Sigma-Aldrich) with agitation for 20 min and subsequently centrifuged at 13,000 × g for 5 min. The supernatants were analyzed by mass spectrometry using a Waters nanoACQUITY-UPLC System equipped with an analytical column (Waters, BEH130 C18, 100 μm × 100 μm, 1.7 μm particle size) coupled online to an ESI-Q-TOF Ultima (Waters) as described previously (Buettner et al. 2013; Shcherbakova et al. 2017) . Obtained spectra were explored with MassLynx V4.1 Software (Waters). The theoretical mass of each peptide containing putative C-mannosylation sites was calculated with or without glycosylation. The absence or presence of one or more C-mannoses as well as O-fucose (if a site was present in the peptide) was considered. The possibility of miscleavage by proteases if the cleavage site was close to glycosylated amino acids was also considered. Extracted ion chromatograms were generated by ion counts for these masses (±0.1 Da).
HCD MS/MS analysis of glycopeptides
For nano Ultra Performance Liquid Chromatography Tandem Mass Spectrometry (nUPLC-MS/MS) analysis, secreted proteins were prepared as described in Zhou et al. 2004 . Briefly, 4 × 10 10 tachyzoites were isolated, resuspended in DMEM medium with 1% ethanol. Parasites were removed by centrifugation and the supernatant was filtered on a 0.22-μm polycarbonate filter (Millipore) and concentrated 20-fold on a 30-kDa molecular weight cut-off filter (Amicon). One 10th of the concentrated sample of secreted proteins (~55 μg total protein) was processed as described in Bandini et al. 2016 . Briefly, the sample was precipitated in 0.1 M ammonium acetate in MeOH for at least 16 h at −20°C. After washing, the sample was dried by speed vacuum (Speed Vac Plus, Savant) and resuspended in 50 mM ammonium bicarbonate, pH 8. The proteins were then reduced, alkylated with iodoacetamide and digested with trypsin. The resulting peptides were desalted and concentrated on a silica C18 column (Nest Group). After drying with the Speed Vac, the sample was reconstituted in 20 μL 99% Water/1% Acetonitrile (ACN)/0.1% Formic Acid (FA). For the initial discovery method, a 2-μL aliquot was analyzed, followed by a five-μL aliquot for the targeted approach. Both aliquots were injected into a nanoAcquity-UPLC (Waters) equipped with reversed phase columns: the 5-μm Symmetry C18 trap column was 180 μm x 20 mm and the 1.7-μm BEH130 C18 analytical column, 150 μm × 100 mm (both from Waters). The nUPLC was connected online to a Q Exactive Benchtop Quadrupole Orbitrap Mass Spectrometer (Thermo Scientific) equipped with a Triversa NanoMate (Advion) electrospray ionization (ESI) source, that was operated at 1.7 kV. The sample was loaded onto the precolumn, washed for 4 min at a flow rate of 4 μL/min with 100% Mobile Phase A (99% Water/1% ACN/0.1% FA). After they were desalted and concentrated in the trap column, the peptides were eluted to the analytical column and resolved with a gradient of 3-40% mobile phase B (99% ACN/1% Water/0.1% FA) delivered over 40 min at a flow rate of 500 nL/min. The mass spectrometer was operated in the positive-ion mode. The sample ions were introduced into the mass analyzer through a heated capillary transfer tube (250°C) and a stacked ring ion guide (RF Lens,S-lens) operated at 55 V. During the discovery nUPLC-MS/MS experiment, the data were acquired in automatic Data Dependent "top 10" mode; precursor ions of most interest were then placed on an Inclusion List for the second experiment. For acquisition of the MS/MS data shown here the precursor ions designated on the Inclusion List were selected using a 1.8-Da isolation window with an offset of 0.4 Da and were fragmented by HCD. The HCD MS/MS spectra were recorded, with stepped mode normalized collision energies of 20 and 25 eV, starting at m/z 100, with the resolution set at 17,500 @ m/z 200, AGC target 5 × 10 6 , 200 ms maximum injection time, 5 microscans/spectrum. The dynamic exclusion feature was disabled. The underfill ratio was set to 1% equivalent to a minimal signal threshold of 1.5 × 10 5 . The HCD MS/MS spectra were searched against the T. gondii GT1 predicted proteome (B. Gajria, A. Bahl, J. Brestelli, J. Dommer, S. Fischer, X. Gao, M. Heiges, J. Iodice, J. C. Kissinger, A. J. Mackey, et al. ToxoDB: an integrated T. gondii database resource. Nucl. Acids. Res., 2007, gkm981v1) using the Mascot database search engine with semiTrypsin as the protease and allowing a maximum three missed cleavages. Mass tolerances of were set at 5 ppm for the precursor ions and 50 mmu for the fragment ions. In addition to carbamidomethylation and methionine oxidation, the following variable modifications were searched: dHex (on Ser/Thr), dHexHex (on Ser/Thr), Hex (on Trp). Glycopeptide assignments were confirmed manually.
Preparation of microsomal fractions
DPY19L1/L3/L4
− CHO cells were transfected with pcDNA3.1-Tgdpy19, pcDNA3.1-Pfdpy19 or an empty pcDNA3.1 vector and harvested as described above. Approximately 4 × 10 7 cells were resuspended in 2 mL lysis buffer (10 mM HEPES-Tris pH 7.4, 0.8 M sorbitol, 1 mM EDTA containing protease inhibitor cocktail (Roche)) and disrupted by nitrogen cavitation at 300 psi with an 15 min equilibration on ice. The homogenate was centrifuged at 1500 × g for 10 min. Supernatant was centrifuged at 100,000 × g for 1 H and the pellets were resuspended in 200 μL 10 mM MOPS (pH 7.5). Protein concentration was determined by bicinchoninic acid protein assay (Pierce).
In vitro C-mannosyltransferase assays C-mannosyltransferase assays were performed in a final volume of 25 μL. Each tube contained 5 μL of microsomal fraction (~35 μg total protein), 5 μL 10 μM GDP-[3 H]-Man with a specific activity of 0.74 kBq/μL (American Radiolabeled Chemicals) and 100 mM MOPS (pH 7.5), 0.05% saponin, 2 mM MnCl 2 , 2 mM MgCl 2 , 2 mM ATP, 1 mM synthetic peptide Ac-WAKW-NH 2 or Ac-WAEWGEC-NH 2 (ProteoGenix SAS). Reactions were performed for 90 min at 37°C in a shaker at 200 rpm and stopped by adding 230 μL ice cold water and 1 mL chloroform/methanol 3:2 (v/v). After mixing, the samples were centrifuged at 3000 × g for 5 min. Then 400 μL of the upper phase were diluted with 3.6 mL 0.1% TFA (trifluoroacetic acid) and loaded onto a 200 mg C18 Solid Phase Extraction Cartridge (Macherey-Nagel). After washing three times with 3 mL 0.1% TFA, peptides were eluted with 4 mL of methanol. Samples were counted in a Beckman Coulter LS 6500 after evaporation of the methanol and addition of 2 mL Luma Safe (Zinsser Analytic). C-mannosyltransferase activity of microsomes containing T. gondii or P. falciparum Dpy19 was also tested in presence or absence of amphomycin. Therefore, amphomycin was dissolved in ethanol, 10 μg were transferred to a tube and the ethanol dried before addition of 100 mM MOPS (pH 7.5), 0.05% saponin,
